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1. Introduction {#open201800120-sec-0001}
===============

Coordination polymers, including porous coordination polymers (PCPs) and metal‐organic frameworks (MOFs), have undergone extensive research in recent times. Such studies attract interest in industrial chemistry, materials science, and engineering. The functionality and the regularity of the shapes and sizes of PCPs and MOFs make them useful in separation, storage, catalysis, and so forth.[1](#open201800120-bib-0001){ref-type="ref"}, [2](#open201800120-bib-0002){ref-type="ref"}, [3](#open201800120-bib-0003){ref-type="ref"}, [4](#open201800120-bib-0004){ref-type="ref"} Their compositions can be generalized as A~*x*~M′~*y*~\[M′′~*z*~(CN)~6~\], where A is an alkali metal cation, M′ and M′′ are transition metal cations, and the subscripts (*x*, *y* and *z*) express non‐stoichiometry (or lattice defects), depending also on the valence of the transition metal(s). Their properties can be tuned by selecting the transition‐metal cations. When M′=M′′=Fe, the final composition will be Fe~4~\[Fe(CN)~6~\]~3~⋅*x* H~2~O, which is generally known as Prussian Blue (PB). PB and PB analogues (PBAs) represent a well‐known group of coordination polymers (CPs), where cyanide groups act as bridges between the transition metal ions (M^2+^--CN--M^3+^).[5](#open201800120-bib-0005){ref-type="ref"}, [6](#open201800120-bib-0006){ref-type="ref"} Moreover, various PBA nanocubes were synthesized recently in solutions through a controlled crystal growth process.[7](#open201800120-bib-0007){ref-type="ref"} Roy et al. demonstrated the formation of a mesostructured PB framework using a ligand‐assisted templating approach in formamide.[8](#open201800120-bib-0008){ref-type="ref"} Other PBAs with various morphologies (e.g. nanowires, nanocubes, nanospheres, and nanotubes) have been reported through different methods such as sonochemical, hydrothermal, electrodeposition, and microwave‐assisted methods.[9](#open201800120-bib-0009){ref-type="ref"} Dual‐textured PB cubes with nanoporous shells are also reliable electrode materials for sodium‐ion storage.[10](#open201800120-bib-0010){ref-type="ref"} Taking advantage of their hybrid nanostructures composed of porous and non‐porous domains, dual‐textured PB cubes exhibit high reversible capacities, good rate capabilities, stable cyclic performances, and excellent dimensional stabilities even after several charge--discharge cycles, offering new opportunities for the development of robust and high‐performance rechargeable sodium‐ion batteries.

Although several PB and PBA nanostructures have been reported, hollow PBAs have attracted great interests because of their enhanced physical and chemical properties. For example, Maurin‐Pasturel et al. reported the synthesis of hollow NiFe--PBA nanoparticles using gold nanoparticles as a sacrificial template.[11](#open201800120-bib-0011){ref-type="ref"} By simply dispersing the core--shell Au\@NiFe--PBA in KCN solution, hollow NiFe--PBA could be obtained, because of the intrinsic porosity of the PBA network. In addition, Risset et al. demonstrated a facile surfactant‐free route to synthesize uniform Rb~0.4~  [m]{.smallcaps} ~4~\[Fe(CN)~6~\]~2.8~⋅7.2 H~2~O (M=Co, Ni) hollow nanoparticles.[12](#open201800120-bib-0012){ref-type="ref"} To the best of our knowledge, to date, only one effective method for the preparation of crystalline hollow PBA nanoparticles by etching with HCl under hydrothermal conditions has been demonstrated.[13](#open201800120-bib-0013){ref-type="ref"} Our previous study reported the preparation of hollow PBA cubes by using another PBA sacrificial core followed by removal through a chemical treatment.[14](#open201800120-bib-0014){ref-type="ref"} By investigating the electrochemical performance of solid and hollow CoCo--PBA cubes, it was demonstrated that hollow CoCo--PBA cubes exhibited a higher surface area, which is the significant advantage of a hollow structure for providing more oxidation and reduction reaction sites for a better performance in energy storage applications.

For the above nanostructures, a hollow structure is ideal for electrode materials in lithium‐ and sodium‐ion batteries, because the unique nature of a hollow nanostructure can offer a more favorable path for the electrolyte and enlarge the electrochemically active surface area of the electrode materials, thereby improving the electrochemical kinetics. In this paper, we demonstrate the facile synthesis of hollow CoFe--PBA cubes, using spherical silica cores as sacrificial templates. Recently, silica nanoparticles were used as hard templates, because they possess silanol groups on their surface, which induce the formation reaction of many shells on the surface of silica.[15](#open201800120-bib-0015){ref-type="ref"} Also, it is possible to control the size and the shape of the hollow interiors without consideration of complicated reactions. This method can be applicable to PB and PBA systems for hollow inorganic nanostructures, as shown in this work.

2. Results and Discussion {#open201800120-sec-0002}
=========================

The synthetic scheme for the hollow CoFe--PBA nanocubes is shown in Figure [1](#open201800120-fig-0001){ref-type="fig"}. First, the CoFe--PBA grew on the spherical silica particle. After the reaction was complete, the SiO~2~\@CoFe precipitate was collected by centrifugation and washing with water and ethanol. Finally, the SiO~2~ cores were removed by etching, using HF solution to prepare the hollow CoFe--PBA cubes. The morphology and size of the silica spheres, core--shell SiO~2~\@CoFe--PBA cubes, and hollow CoFe--PBA cubes were investigated by using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) (Figure [2](#open201800120-fig-0002){ref-type="fig"}). Spherical silica particles of around 150 nm in diameter were used as the template (Figure [2](#open201800120-fig-0002){ref-type="fig"} a). After coating with the CoFe--PBA shell, the average particle size became around 200 nm (Figure [2](#open201800120-fig-0002){ref-type="fig"} b), indicating that the shell thickness is around 50 nm. After removal of the silica template, hollow CoFe--PBA cubes were obtained (Figure [2](#open201800120-fig-0002){ref-type="fig"} c). The hollow interior was more than 150 nm in diameter, which was larger than the size of the starting silica particles. This is because the etching agent still works even after the removal of silica particles, resulting in the formation of a larger cavity than expected.

![Schematic illustration of the formation of hollow CoFe--PBA using silica spheres as sacrificial templates.](OPEN-7-599-g001){#open201800120-fig-0001}

![SEM (1) and TEM (2) images of a) silica spheres, b) SiO~2~\@CoFe--PBA, and c) hollow CoFe--PBA cubes.](OPEN-7-599-g002){#open201800120-fig-0002}

Figure [3](#open201800120-fig-0003){ref-type="fig"} shows wide‐angle XRD patterns for silica spheres, solid CoFe PBA, core--shell SiO~2~\@CoFe--PBA cubes, and hollow CoFe--PBA cubes. A broad diffraction peak was noticed from 15 to 30°, which was assigned to silica. The XRD patterns of the core--shell SiO~2~\@CoFe--PBA cubes and the hollow CoFe--PBA cubes showed the same diffraction patterns of the solid CoFe--PBA, which could be attributed to the face‐centered‐cubic crystal structure with the *Fm*3*m* unit cell. The XRD diffraction peaks of the hollow CoFe--PBA become a little broad, owing to a decrease in the original crystallinity of CoFe--PBAs. However, the crystal structure is preserved even after the removal of the silica cores.

![Wide‐angle XRD diffraction patterns for silica spheres, solid CoFe--PBA, SiO~2~\@CoFe--PBA, and hollow CoFe--PBA cubes.](OPEN-7-599-g003){#open201800120-fig-0003}

The FTIR spectrum of as‐prepared core--shell SiO~2~\@CoFe--PBA is shown in Figure S1. The band at 2114 cm^−1^ could be indexed to the CN stretching (Co^III^--NC--Fe^II^),[16](#open201800120-bib-0016){ref-type="ref"} whereas the band at 1110 cm^−1^ could be assigned to the Si--*O*--Si vibration.[17](#open201800120-bib-0017){ref-type="ref"} Figures S2 and S3 show the XRD patterns of as‐prepared CoFe--PBA and core--shell SiO~2~\@CoFe--PBA. The Pawley fitting of these XRD patterns shows that the structure of each sample is in the same space group. The structural and crystallographic details are provided in Table S1. These data indicate the successful coating of CoFe--PBA on the silica spheres.

Recently, lithium‐ion batteries (LIBs) and sodium‐ion batteries (SIBs) with PB and PBAs as electrode materials have been widely explored.[18](#open201800120-bib-0018){ref-type="ref"}, [19](#open201800120-bib-0019){ref-type="ref"} Owing to the high abundance and suitable redox potential, SIBs are considered possible replacements for LIBs, especially for applications in large energy storage devices.[20](#open201800120-bib-0020){ref-type="ref"} It is widely accepted that the nanostructure of materials holds the key to their electrochemical reactivity.[21](#open201800120-bib-0021){ref-type="ref"}, [22](#open201800120-bib-0022){ref-type="ref"} In this context, PB and PBAs offer a solution, because they possess a three‐dimensional open framework with large interstitial sites for a high rate of mass transfer toward alkali cations that can improve their cycle performance at high currents.[18](#open201800120-bib-0018){ref-type="ref"}, [19](#open201800120-bib-0019){ref-type="ref"} In particular, the hollow structure is known to improve the electrochemical properties of electrode materials in LIBs and SIBs, as the unique nature of hollow microstructures can offer a more favorable pathway for the electrolyte and enlarge the electrochemically active surface area of electrode materials. Thus, to understand the effect of the nanostructure modification of CoFe--PBA on the electrochemical sodium‐ion storage characteristics, solid and hollow CoFe--PBA materials were investigated as cathode materials for SIBs.

Figure [4](#open201800120-fig-0004){ref-type="fig"} a shows the voltage profiles of solid and hollow CoFe--PBA cathodes for SIBs. Even though their capacities were relatively low compared to that of other PBA cathodes in previous reports,[23](#open201800120-bib-0023){ref-type="ref"}, [24](#open201800120-bib-0024){ref-type="ref"} we clearly found that the hollow nanostructure could significantly improve the sodium‐ion storage characteristics of CoFe--PBA cathode materials. Although the solid CoFe--PBA electrode showed just 12.5 mAh g^−1^ in the first cycle, the hollow structured CoFe--PBA electrode showed reversible capacities that were approximately two times higher than the non‐treated solid homologue in the same cycle. The inset of Figure [4](#open201800120-fig-0004){ref-type="fig"} a shows the differential capacity plots (DCPs) of solid and hollow CoFe--PBA electrodes for the first cycle. Upon the charging process, the DCP peak of the hollow CoFe--PBA electrode was observed at a lower potential (3.30 V vs. Na/Na^+^) than that of solid CoFe--PBA (3.38 V vs. Na/Na^+^). This result combined with the much‐improved capacity of hollow CoFe--PBA clearly reveals that nanostructure modification can reduce the overpotential of the CoFe--PBA electrode during cycling. Such an improvement in the hollow CoFe--PBA cathode can be explained by the aforementioned nanostructure, which is highly favorable for electrochemical sodium‐ion insertion and removal in CoFe--PBA. As shown in Figure [4](#open201800120-fig-0004){ref-type="fig"} b, hollow CoFe--PBA electrode shows fairly stable cycle performance during cycling without significant decrease in the capacity, which is almost double that of the untreated solid CoFe--PBA electrode. This result suggests that the hollow structuring of CoFe--PBA does not have a negative influence on the reliability of repeated sodium‐ion insertion and removal process over 100 cycles.

![a) Voltage profiles obtained during the initial two cycles (inset: differential capacity plots) and b) cycle performance of solid and hollow CoFe cubes.](OPEN-7-599-g004){#open201800120-fig-0004}

3. Conclusions {#open201800120-sec-0003}
==============

We demonstrated the formation of hollow CoFe--PBA nanocubes by using silica spheres as hard templates and examined their feasibility as cathode materials for SIBs. The silanol groups on the surface of the silica spheres reacted with cobalt cations in the first step. Nucleation of CoFe--PBA started simultaneously upon addition of iron cyanide ligands in the second step. After aging overnight, a thin shell of CoFe--PBA was successfully formed on the surface of the silica spheres. Silica cores were then removed by chemical etching, yielding hollow CoFe--PBA nanocubes. The hollow nanostructure of CoFe--PBA nanocubes helps to improve the storage capacity of sodium ions with stable cycle performance compared to the solid CoFe--PBA nanocubes. We strongly believe that our synthetic approach will be useful in the future for the formation of various PB and PBAs with open frameworks, high specific surface area, improved storage capacity, and stable cycle performance at high currents for SIBs.

Experimental Section {#open201800120-sec-0004}
====================

Chemicals {#open201800120-sec-0005}
---------

Tetraethyl orthosilicate (TEOS, 99 wt %) and potassium hexacyanoferrate (III) hydrate were purchased from Sigma--Aldrich, USA. Ammonium hydroxide solution (NH~4~OH, 25 wt %), hydrofluoric acid (HF, 10 wt %), trisodium citrate dihydrate (TSCD), and cobalt (II) chloride anhydrous (CoCl~2~) were purchased from Nacalai Tesque, Inc., Japan. All reagents were used without further purification.

The spherical silica particles were prepared according to Stöber′s method. In these procedures, 21 mL of tetraethyl orthosilicate (TEOS, 99 wt %), 9 mL of deionized water, and 245 mL of NH~4~OH solution (25 wt %) were added to 225 mL of ethanol and stirred at room temperature for 4 h. A white colloidal solution of silica particles was obtained. The silica particles were separated by centrifugation, washed by ethanol for four times, and dried under ambient conditions at room temperature.

Synthesis of Hollow CoFe--PBA {#open201800120-sec-0006}
-----------------------------

The previously prepared spherical silica particles (20 mg) were dispersed in a mixture consisting of cobalt chloride anhydrous (77.9 mg) and TSCD (397.1 mg) dissolved in distilled water (20 mL) to form solution A. At this stage, the surface of the silica particles was decorated with Co ions after interaction with the silanol groups. Meanwhile, potassium hexacyanoferrate (III) hydrate (133 mg) was dissolved in pure water (20 mL) to form clear solution B. Then, solutions A and B were mixed together whilst stirring followed by aging for 4 days. The SiO~2~\@CoFe--PBA precipitate was collected by centrifugation and washing with water and ethanol several times. After drying at room temperature overnight, the SiO~2~ cores were removed by etching with HF. SiO~2~\@CoFe--PBA (40 mg) was suspended in 10 % HF solution (25 mL) by stirring for 12 h to complete the silica removal. The hollow CoFe--PBA precipitate was collected by centrifugation and washing with water and ethanol several times, which was dried at room temperature for 24 h.

Structural Characterization {#open201800120-sec-0007}
---------------------------

A field‐emission scanning electron microscope (FESEM; JEOL JSM‐7000F) and high‐resolution transmission electron microscope (HRTEM; JEOL ARM‐200F) were employed to characterize the morphology and the nanostructure. X‐ray diffraction (XRD; Rigaku RINT 2500X diffractometer) patterns were obtained by using monochromated Cu Kα radiation (40 kV, 40 mA) at a scanning rate of 1° min^−1^. The XRD data were collected in the 2*θ* range of 10--70° under ambient conditions. The lattice parameters were refined by the Pawley method, using the GSAS‐II software,[25](#open201800120-bib-0025){ref-type="ref"} and the zero shifts of the patterns were corrected with background subtraction. The result of the fitting method was identical to the crystal structure of K~2~Co\[Fe(CN)~6~\] (CCDC 28669). Fourier transform infrared spectroscopy (FTIR) of a KBr pressed pellet sample was carried out by using a Thermoscientific Nicolet 4700 instrument, and the data were collected in the range of 500 to 4000 cm^−1^ at room temperature.

Electrochemical Measurements {#open201800120-sec-0008}
----------------------------

The slurries were manufactured by mixing the active materials (80 wt %), Super‐P as a conducting agent (10 wt %), and poly(acrylic acid) dissolved in deionized water as a binder (10 wt %) with deionized water. To prepare the working electrodes, the obtained slurries were coated onto Al foil as a current collector. The electrodes were dried at 80 °C for 30 min in a convection oven to evaporate the water, and were then heat‐treated at 120 °C overnight under vacuum. The cells were assembled by using CR2032 coin‐type half cells with sodium metal as a counter electrode, glass fiber (GF/F; Whatman) as a separator, and 0.7 [m]{.smallcaps} NaClO~4~ dissolved in a mixed solvent of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1, v/v; Panax Etec Co. Ltd.) as the electrolyte in an Ar‐filled glove box. The cells were galvanostatically charged and discharged at a constant current (CC) within the voltage window of 2.0--4.0 V versus Na/Na^+^ at 10 mA g^−1^ at room temperature.
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